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ABSTRACT
Protein-protein interactions play a central role in the gamete attraction, binding, and fusion
stages of gamete interactions and fertilization for broadcast spawning species, such as
marine mussels in the Mytilus edulis species complex. Although assortative gamete
interaction has been implicated in the level of reproductive isolation among the three
species in this complex, the molecular basis of these interactions has not been elucidated.
Using mass spectrometry peptide sequencing, cDNA sequencing, and bioinformatics
approaches, we have investigated species-level variation in the proteins expressed on the
surface of mussel eggs. We herein describe an extracellular protein, MESP-1, from the
surface of the eggs of M. edulis and M. trossulus that has a unique domain structure when
compared to protein structures that have heretofore been identified. Given variation in the
size of MESP-1 predicted from cDNA sequences versus those estimated from SDS-PAGE
gels, we conclude this protein is subject to significant species-specific post-translation
modifications. Further, bioinformatic analysis of the novel structure of MESP-1 suggests
that this protein may be an integral membrane protein involved in sperm-egg fusion, and/or
released to the vitelline envelope.
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Introduction
Proteins direct sperm-egg interactions during fertilization and successful reproduction in many
broadcast spawning invertebrates. Molecules expressed on the surface of gametes are involved in
each step, from the attraction of sperm by egg compounds through to the production of the
zygote (Lessios 2011). The large gastropod abalone (genus Haliotis) is one of few invertebrates
where both sperm and egg fertilization proteins, and their interactions, have been well described.
Studies on this genus have shown the plasma membrane of molluscan eggs is surrounded by a
raised vitelline envelope (VE) of glycoprotein fibers which acts as a species-specific barrier to
sperm entry. Prior to fertilization in abalone, the sperm releases the protein lysin, which binds to
a glycoprotein on the egg VE called VERL (VE receptor for lysin; Galindo et al. 2002). Binding
of lysin to VERL causes the glycoprotein fibers of the VE to separate, creating a hole for the
sperm to enter (Vacquier et al. 1999; Kresge et al. 2001). While a few rapidly evolving gamete
proteins identified as major loci controlling species-specific sperm-egg binding have been
studied in other marine invertebrates (see reviews by Swanson and Vacquier 2002a; 2002b;
Palumbi 2009), the proteins involved in regulating egg and sperm fusion have received much
less attention. Most of what is known about proteins involved in gamete fusion comes from
studies of mammalian gametes (e.g. Lee and Sampson 2009; Ikawa et al. 2012).
Our research investigates gamete interactions among blue mussels in the Mytilus edulis species
complex (M. edulis, M. trossulus, M. galloprovincialis). In contrast to abalone, extensive hybrid
zones occur whenever two of the three species co-occur. In the northwest Atlantic, M. edulis and
M. trossulus hybrids comprise ≅ 15% of sympatric populations, indicating strong but incomplete
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gamete compatibility (Rawson et al. 2003; Slaughter et al. 2008). In contrast, gene flow is very
high in Baltic Sea populations between these same two species, and no pure M. trossulus remain
(Riginos and Cunningham 2005). Assortative gamete interaction has been identified as playing a
role in reproductive isolation in these species (Rawson et al. 2003), but its molecular basis is not
well understood. In the current study, we isolated and sequenced a novel protein from eggs of
M. edulis, here referred to as Mytilus Egg Surface Protein 1 (med-MESP-1). The same protein
was also isolated from eggs of M. trossulus (mtr-MESP-1). Although sequence length is
conserved among the two homologs, they have distinct electrophoretic mobilities, suggesting
differential post-translational modification. The identification of MESP-1 represents one of
relatively few egg surface proteins described in mussels to date and its varied gel mobility can be
used to differentiate M. edulis, M. trossulus, and interspecies hybrids, which we demonstrate can
express both homologs of MESP-1.

Methods
Isolation and sequence analysis of egg vitelline envelope proteins
Sexually mature blue mussels were collected from a population in the low intertidal zone near
Lubec, Maine, USA (latitude 44°81’78”N; longitude 66°98’09”W) in 2004 and Lubec and
Whiting Bay, ME (latitude 44°82’57”N; longitude 67°15’26”W) in 2005 where appreciable
frequencies of Mytlius edulis, M. trossulus, and their hybrids have been observed (e.g. Rawson et
al. 2001). DNA was isolated from mantle tissue (Qiagen DNA Mini Kit), following the
manufacturers’ protocol and used as the template in seven nuclear DNA, PCR-based markers
diagnostic for M. edulis and M. trossulus (Table S1). Individual females were identified as either

3

M. edulis or M. trossulus if they were homozygous for M. edulis- or M. trossulus-specific alleles
at all seven nuclear DNA markers.
The spawning and collection of eggs followed the methods outlined in Rawson et al. (2003). To
prepare vitelline envelope proteins, a 500 μl suspension of unfertilized eggs (~1000 eggs) from
each female was suspended in 100 μl of cold, 1 μm filtered sea water, and treated with 20 ml of
egg dissolving medium (EDM; 0.5 M NaCl, 10 µM EDTA, 20mM Tris pH 8.0, 1% Triton-X100;
Vacquier, pers. comm.) to remove cytoplasmic material. The egg-EDM mixture was centrifuged
at 1000 rpm for 3 min at 4ºC. The supernatant was removed, leaving a clear pellet of cell
membranes and vitelline envelopes. An additional 1.25 ml of EDM and 1.25 ml of cold, 1 μm
filtered sea water was added, the pellet gently resuspended, and the VE suspensions centrifuged a
second time. The resulting pellets were resuspended and homogenized in cold protein
homogenization buffer (50mM Tris-Cl pH6.8, 4% SDS, 1mM EDTA with Roche Complete
Protease Inhibitors at 100 μl buffer per 1 mg of isolated vitelline envelopes). The homogenized
VE suspensions were heated to 100ºC for 5 min, centrifuged at 14,000 rpm for 15 min at 20°C,
the supernatant containing VE proteins collected, and the concentration of protein estimated
using a Coomassie Plus Protein Analysis Kit (Pierce).
VE proteins were analysed by polyacrylamide gel electrophoresis by combining 2-5 μl of
homogenized VE protein (~50 mg total protein) with 1.25 μl of 10X sample reducing agent and 3
μl of 4X LDS loading dye in a total volume of 12.5 μl. Each mixture was heated to 95ºC for 5
min and loaded onto a 4-12% Bis-Tris NuPage gel (Invitrogen). Electrophoresis was performed
in 1X MOPS-SDS running buffer; each gel included BSA and Sypro Candy Cane (Molecular
Probes) protein standards for comparison. After electrophoresis, gels were stained to detect
glycoproteins (Pro-Q Emerald Green 300 Glycoprotein Gel Stain Kit; Molecular Probes) and
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total proteins (Brilliant Blue Coomassie R-250; ThermoScientific).
Two species-specific protein bands, resolved on both Coomassie R-250 and Emerald Green 300
stained gels, were selected for study for two reasons: the significant difference in electrophoretic
mobility of these high molecular weight proteins and because the hybrid individual expressed
both. These two bands were separately excised from a Coomassie R-250 stained gel, washed
with water, dehydrated in acetonitrile, washed in 0.1 M ammonium bicarbonate, dehydrated a
second time in acetonitrile and then dried. The protein in each band was digested overnight with
10-15 μl 20 ng/μl trypsin in 50 mM ammonium bicarbonate. The resulting peptides were
extracted and analyzed using standard protocols on a Finnigan LCQ-Deca ion mass spectrometer
system at the Lerner Research Institute’s Mass Spectrometery Core Facility
(http://www.lerner.ccf.org).

Amplification and analysis of med-MESP-1 and mtr-MESP-1 cDNAs
Degenerate oligonucleotides (URP-1 and URP-2; Table S2) for use in 3’ RACE-PCR
experiments were designed from the peptides obtained for med-MESP-1. Total RNA was
isolated from the mature gonad of a single adult M. edulis female mussel using an RNeasy Kit
(Qiagen). First strand cDNA was synthesized with a BD SMART cDNA kit (Clontech) using
only the 3’ BD SMART CDS primer IIA. A two-step PCR amplification was performed in 25 μl
reactions containing 1 μl of first strand cDNA, 1X PCR Buffer (Invitrogen), 1.5 mM MgCl2
(Invitrogen), 0.2 mM of each dNTP (Invitrogen), 0.6 mM URP-1, and 1 unit Taq polymerase
(Invitrogen). Thermocycling conditions consisted of a 94C soak for 2 min, followed by 1 cycle
of 94C for 30 s, annealing at 55C for 20 s, and extension at 72C for 4 min and nine additional
cycles in which annealing temperature was reduced by 1°C every cycle. The PCR product was
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diluted 10-fold and 1 μl of the dilution used as template in a nested amplification with a total
volume of 46 μl containing 1X PCR Buffer, 1.6 mM MgCl2, 0.2 mM of each dNTP, 0.65 μM
URP-2, 0.65 μM adaptor primer II A (Clontech), and one unit Taq polymerase. Thermocycling
conditions included a 94C soak for 2 min, and 25 cycles of 94C for 30 s, 55C for 20 s, and
72C for 4 min. A single band ~1,200 bp in size was obtained and cloned using the TOPO TA
cloning kit (Invitrogen). Cloned inserts were PCR amplified using vector primers and sequenced
in both directions using the BigDye Terminator v3.1 Cycle Sequencing Kit on an ABI 377 DNA
sequencer (Applied Biosystems).
For isolation of the 5’ end of the gene for med-MESP-1 by 5’ RACE (Rapid Amplification of
cDNA ends), we constructed full-length double stranded cDNA from total RNA using the BD
SMART cDNA kit (Clontech). Two new gene-specific oligonucleotides (URP-1R and URP-2R;
Table S2) were used in nested amplifications with the 3’ BD SMART CDS IIA and BD SMART
IIA oligonucleotides. The two-step protocol for 5’ RACE followed the same procedure as
described above, except the first reaction cocktail used 2 μl of 5’RACE-cDNA, 0.24 μM URP1R, and 0.24 μM adaptor primer II A (Clontech). In the second amplification step, the reaction
was diluted 100-fold with H2O and 1 μl of the diluted product was used as template in a nested
PCR amplification using 0.26 μM URP-1R. The nested 5’ RACE PCR produced a single band
~1,800 bp in size which was cloned and sequenced as above, with additional sequences
generated using gene-specific primers URP-2R, URP-3R, and URP-4R (Table S2). The
resulting chromatograms were proofread and contiguous sequences assembled using the program
Vector NTI (Invitrogen).
The primers RPFor and RPRev (Table S2), were designed to amplify full length med-MESP-1

6

and mtr-MESP-1 genes. Total RNA was isolated from M. trossulus eggs and double stranded
cDNA synthesized using the protocols described above. Full length mtr-MESP-1 was amplified
from M. trossulus ~100 pg ds-cDNA in 45 μl PCR reactions containing 1X PCR Buffer, 1.7 mM
MgCl2, 0.2 mM of each dNTP, 0.67 μM RPFor and RPRev, and 1 unit Taq polymerase.
Thermocycling conditions, cloning and sequencing methods were as described above.
The nucleotide and deduced amino acid sequences for MESP-1 from M. edulis and M. trossulus
were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The sequences
were compared to nucleotide and protein sequences in the NCBI database (GenBank) using the
Blast and Blastp algorithms. Domain predictions for med-MESP-1 were made using the NCBI
Conserved Domain search (Marchler-Bauer et al. 2009; 2011). Predictions of transmembrane
helices in the proteins were performed using the TMHMM Server v. 2.0
(http://www.cbs.dtu.dk/services/), and SignalP 4.1 was used to predict the signal peptide
(Petersen et al. 2011).

MESP-1 variation in allopatric populations
Variation in med-MESP-1 and mtr-MESP-1 among allopatric M. edulis and M. trossulus
populations was assessed by sequencing and restriction fragment length polymorphism (RFLP)
analyses targeting a cluster of non-synonymous substitutions toward the 5’ end of MESP-1. A
138 bp fragment spanning bases 119 to 257 of the med-MESP-1 mRNA was amplified from
genomic DNA isolated from individual mussels. PCR amplifications (25 μl reactions) containing
1 μl of template DNA and MESP-1 specific primers RPShortFor and RPShortRev (Table S2)
were conducted at an annealing temperature of 55C to generate PCR products for 12 M. edulis
from Lewes, DE and 11 M. trossulus from Newport, OR. Gel purified PCR products were cloned
into pGEM-T vector (Promega) and 2-6 clones from each cloning reaction were sequenced using
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primers M13For and M13Rev. We aligned the sequences using Clustal Omega (Li et al. 2015)
and used MEGA (v6; Tamura et al. 2013) to estimate sequence divergence and construct an
unrooted neighbor-joining phylogeny based on the Kimura 2-parameter model. We analysed an
additional 60 mussels using a restriction fragment length polymorphism approach utilizing a
MboII restriction site common to M. trossulus sequences, but missing in all M. edulis sequences.
PCR products (5 μl) for the 138 bp fragment of MESP-1 from 8 M. edulis from Lewes, DE and
20 M. edulis from Narragansett, RI and 9 and 23 M. trossulus from Newport, OR and Little
Tutka Bay, AK, respectively, were digested with 10 units of MboII enzyme (NEB) and fragment
size variation assessed using agarose gel electrophoresis (3% agarose gel with Tris-AcetateEDTA buffer).

Results
Analysis of vitelline envelope proteins
We identified 13 M. edulis, 5 M. trossulus and two hybrid female mussels among our sample of
mussels from a hybrid zone population in eastern Maine. We consistently resolved 10-13 distinct
protein bands from vitelline envelope preparations from the eggs of these females using
Coomassie blue R250 and Pro-Q Emerald 300 staining (Fig. 1). The former stain typically
detected proteins ranging from 60->100 kDa in size (Fig. 1A). The latter stain detects proteins
that are glycosylated, is 333 times more sensitive than Coomassie blue staining, and detected
bands of lower-abundance glycosylated proteins ranging from 40->200 kDa in size in both
species (Fig. 1B). For this study, we targeted two species-specific protein bands of similar
weight for mass-spectral analysis and gene sequencing. One protein band (65 kDa; med-MESP-
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1) was observed in egg-VE preparations from all 13 M. edulis females. The other protein band
(70 kDa; mtr-MESP-1) was observed in VE preparations from all 5 M. trossulus females. Eggs
of hybrid females expressed both med-MESP-1 and mtr-MESP-1 protein bands (Fig. 1A).
Mass spectral analysis of med-MESP-1 resolved 14 distinct peptide fragments and 17
peptide fragments for mtr-MESP-1 (Table S3). Although none of the peptide fragments from
either med-MESP-1 or mtr-MESP-1 matched protein sequences in GenBank, six of the peptide
fragments in med-MESP-1 had an unambiguous match in mtr-MESP-1. The degenerate
oligonucleotide primers URP-1 and URP-2 were designed from the largest peptide fragment and
facilitated the amplification and sequencing of full-length coding sequence for the MESP-1 gene
in both species. The cDNA sequences for MESP-1 from both M. edulis and M. trossulus indicate
that the gene contains an open reading frame of 2,166 nt with a predicted amino acid sequence of
722 residues (GenBank Acc. Nos. KY274455 and KY274456). We also obtained 67 and 370
bases of sequence from the 5’ and 3’ untranslated regions, respectively, of med-MESP-1. We
unambiguously aligned each of the peptide fragments from the mass-spectral analysis of both
med-MESP-1 and mtr-MESP-1 to their respective gene sequence.
We found amino acid substitutions at 54 of the 722 (7.5%) residues in a comparison of
the deduced amino acid sequences for M. edulis and M. trossulus MESP-1 between the two
species (Fig. 2). The substitutions were mostly conservative (67%) or semi-conservative (19%)
and scattered throughout the protein. The predicted molecular weight of unmodified MESP-1 is
approximately 79 kDa for both species, larger than those estimated by SDS-PAGE analysis (Fig.
1), suggesting additional species-specific post-translational processing of MESP-1 that
differentially affects size variation in the final mature proteins for each species. Given that
residues differing between the two species include several that could be subject to glycosylation
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(e.g. asparagine, threonine, etc.), the electrophoretic mobility difference could be due to unique
glycosylation.
We conducted an NCBI Conserved Domain Search for the MESP-1 primary protein
sequence; the resulting domain map (Fig. 2) contains three c-2 type IgC2 domains, an
immunoglobulin-like domain (Ig-like), and a C-terminal domain with homology to the
extracellular ligand-binding domain (LBD) for an acetylcholine receptor. An NCBI proteinprotein BLAST (Blastp) search using the 722 amino acid sequence of med-MESP-1 indicated the
highest identity (32%) with 509 amino acids associated with the Ig and Ig-like domains within
the predicted hemicentin-1-like protein from the Pacific oyster Crassostrea gigas. Med-MESP-1
also has high identity (31%) with the titin protein from C. gigas, for the same Ig and Ig-like
domains. BLAST searches of the last 212 amino acids of med-MESP-1 had the highest identity
similarity (32%) to the predicted neuronal acetylcholine receptor subunit alpha-2-like protein
from the oyster C. gigas.
The N-terminus of MESP-1 bears two key features. Bioinformatic prediction of
transmembrane helices predicted a single-pass transmembrane domain, with a helix spanning AA
12-31, and a large extracellular domain (AA 32-722; Fig. 2). However, there is a predicted
cleavage site between residues 26-27 that would remove an N-terminal signalling peptide, and no
peptides corresponding to the first 26 amino acids were detected by mass spectrometry (Table
S3). Our protein isolation procedure may include both VE and egg membrane proteins. Thus,
MESP-1 may be anchored in the egg membrane and/or be released into the VE.
Analysis of sequence variation for a 138 bp portion of the coding region of MESP-1
identified 6 unique alleles and 5 unique alleles among mussels from allopatric M. edulis and M.
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trossulus populations, respectively (GenBank Acc. Nos. MF467726 to MF467736). The average
pairwise differences among sequences obtained from M. edulis (0.019 ± 0.008) and M. trossulus
(0.017 ± 0.010) individuals were considerably less than the average sequence divergence
between species (0.114 ± 0.037) as reflected in the neighbour-joining phylogeny in which
sequences from Lewes, DE (M. edulis) and Newport, OR (M. trossulus) form two well-supported
clades (Fig. 3). Digestion of the 138 bp product with MboII generated fragments of 97 and 41 bp
for all M. trossulus sampled from Oregon (n=20) and Alaska (n=23) while all M. edulis
individuals from Delaware (n=20) and Rhode Island (n=20) tested negative for the presence of
the restriction site.

Discussion
We identified and sequenced a novel cell surface protein, MESP-1, from the eggs of two closely
related marine mussels. This protein is expressed in eggs from Mytilus edulis, M. trossulus and
interspecies hybrids. Comparison of cDNA sequences from the two species indicates a large
number of non-synonymous substitutions; although restricted to a small portion of the 5’ end of
MESP-1gene, analysis of genomic sequences suggests that these differences are fixed in the two
species. Despite the extensive amino acid divergence in MESP-1 from the two species and
extensive differences in electrophoretic mobility on SDS-PAGE gels, the amino acid sequences
predicted from cDNA sequencing contained the same total number of amino acids (722). Our
analyses of MESP-1 predict that it has a short (11 amino acid) intracellular domain at the Nterminus, with a single-pass transmembrane helix, followed by a longer extracellular domain
containing Ig and Ig-like domains. At the C-terminus, MESP-1 is homologous to the
extracellular ligand-binding domain of neurotransmitter-gated ion channels. There was
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divergence in amino acid sequences of the two species of 7.5%. Though their unmodified,
unprocessed predicted molecular weights and amino acid lengths were virtually the same,
differential mobility of the species-specific homologs in PAGE gel electrophoresis suggests
differences in post-translational modification, likely glycosylation.
Blue mussels are a non-model species for which genomic resources are currently limited.
Although our understanding of the Mytilus genome has improved recently with publication of the
first whole-genome sequencing study (Murgarella et al. 2016), it was a low-coverage study and
the draft genome contains a large number of unknown repetitive sequences. In addition, we have
not conducted a functional analysis of the MESP-1 protein. The predicted protein structure of
MESP-1, however, provides some insight into its potential function. Domain predictions
identified five Ig domains: three C-2 type immunoglobulin domains (IgC2), an immunoglobulinlike domain (Ig-like), and an undefined region in the Ig superfamily.
MESP-1 may be an integral membrane protein within the egg plasma membrane and involved in
sperm-egg fusion. Immunoglobulin superfamily proteins (IgSF) are abundant on the surface of
both eggs and sperm, and play key roles in fusion of sperm and egg plasma membranes. In
mammalian systems, the IgSF protein Izumo, expressed on the surface of acrosome-reacted
sperm is essential for fusion: male mice in which the Izumo gene has been knocked out are
infertile due to an inability to fuse of their sperm to fuse with the egg membrane (Inoue et al.
2005). Similarly, CD9, a member of a family of tetraspan-membrane proteins expressed on the
mammalian egg surface appears essential for ability of the egg to fuse with the sperm (see review
by Jankovicova et al. 2015).
Ion gated channels are integral membrane proteins, typically composed of a large extracellular
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glycosylated N-terminal ligand-binding domain, followed by three hydrophobic transmembrane
regions which form the ionic channel, followed by an intracellular region of variable length and a
fourth hydrophobic region at the C-terminus (Purves et al. 2001). MESP-1 has a truncated ionchannel ligand binding domain and does not contain the consensus sequence for the ion channel
pore. Blast searches using the last 212 amino acids of MESP-1 isolated from M. edulis eggs
indicate this region has the highest similarity (32%) to the predicted neuronal acetylcholine
receptor subunit alpha-2-like protein from the oyster C. gigas (Zhang et al. 2012). Acetylcholine
receptors on the egg surface of sea urchins, upon excitation by specific ligands, can regulate Na+
entry into the egg, and affect membrane polarization, a crucial step in preparing the egg
membrane for fusion with the sperm (Angelini et al. 2004).
MESP-1 isolated from Mytilus edulis eggs shares the highest identity with the predicted
hemicentin-1-like protein from another bivalve mollusc, the Pacific oyster Crassostrea gigas,
particularly among the 509 amino acids associated with the immunoglobulin (Ig) and
immunoglobulin-like domains of MESP-1. Hemicentin is a large molecule, containing
approximately 50 Ig domains, found on the cell surface of many cell types. Studies in vertebrate
and invertebrate models suggest hemicentin functions include cell-cell adhesion (see Xu et al.
2013). The IgC2 domain is found in a diverse range of protein families including glycoproteins,
growth factor receptors, and cell adhesion molecules (Aricescu and Jones 2007). The presence of
Ig domains suggests a role for MESP-1 in cell adhesion.
MESP-1 may not be functional in the egg plasma membrane but instead involved in sperm-egg
binding as a VE protein, or incorporated into the VE following secretion from the egg
membrane. In the abalone, more than 30 VE proteins have a polymerization module known as
the zona pellucida (ZP) domain, commonly found in invertebrate and vertebrate egg coats
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(Jovine et al. 2005). Like the VE of molluscs, the extracellular matrix surrounding the egg in
mammals is referred as the ZP and is similarly composed of glycoproteins. Biochemical assays
by Aagaard et al. (2013) found that the ZP-N domain was sufficient for binding lysin. MESP-1
has none of the ZP domains associated with VERL and does not appear to be a gamete
recognition protein. Interestingly however, one scenario postulated by Claw and Swanson (2012)
to explain differences in binding of rat sperm to mouse and human ZP (Hoodbhoy et al. 2005),
was that rat sperm may recognize residues other than ZP domains. Specifically, they proposed
that binding may be “mediated by species-specific posttranslational modification (e.g.
glycosylation) patterns, regardless of the amino acid sequences”. Species-specific differences in
the posttranslational modifications noted in MESP-1 may play an important role in sperm-egg
interactions in mussels. Based on these patterns, we conclude MESP-1 is a novel species-specific
glycoprotein which may be anchored in the egg plasma membrane and/or be released into the
vitelline envelope, whose function requires further study.
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Figure Legends

Figure 1. Coomassie blue staining for total (A) and emerald green staining for glycosylated (B)
proteins isolated from the egg vitelline envelopes of M. edulis (E) and M. trossulus (T) and
hybrid (H) mussels. Approximate molecular weights (kDa) are given on the left side of each
image. Bands marked with an asterisk were cut from the SDS-PAGE Coomassie gel for mass
spectrometry analysis.

Figure 2. Comparison of the predicted amino acid sequence (total 722 residues) for MESP-1
from M. edulis (E) and M. trossulus (T) is shown in panel A. Residues at which amino acid
substitutions were observed are highlighted by an asterix. Domain predictions for med-MESP
(panel B) identified five immunoglobin-like domains (three C-2 type immunoglobulin domains
(IgC2), an immunoglobulin-like domain (Ig-like), an undefined region in the Ig superfamily
(IgSF)), and a C-terminal domain with homology to the extracellular ligand-binding domain
(LBD) of neurotransmitter-gated ion channels in MESP-1. The location of a predicted
transmembrane domain based on analysis through the TMHMM Server v. 2.0 is given in panel
C.

Figure 3. Phylogenetic relationships among unique 138 base pair MESP alleles amplified from
allopatric M. edulis and M. trossulus mussels. The sequences from an allopatric population of M.
edulis (Lewes, DE, ME-A to ME-F) form a separate clade from those obtained from an allopatric
population of M. trossulus (Newport, OR; MT-A to MT-E). Bootstrap support for the two clades,
based on 500 resamplings, is indicated at the node for the M. trossulus clade.
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